INTRODUCTION
Early interest in the comparative metabolism of fructose and glucose in diabetes mellitus was stimulated by Minkowski's demonstration that fructose produces liver glycogen readily in depancreatized dogs (1) . Further studies showed that diabetic patients utilize oral fructose more readily than glucose (2) . This work has been confirmed and extended by Miller, Drucker, Owens, Craig, and Woodward (3), and by Weichselbaum, Elman, and Lund (4), who have emphasized the increased production of lactate, pyruvate, and citrate during fructose infusion. Chernick and Chaikoff have demonstrated that diabetic rat liver utilizes fructose at a normal rate in zuitro (5) . Others have shown that fructose is utilized or converted to glycogen more efficiently than is glucose in several types of liver damage in experimental animals (6, 7) .
The present experiments were designed to quantitate the rate of utilization of fructose in normal subjects and in patients with the decreased glucose tolerance of parenchymal liver disease and diabetes. The results indicate that fructose is utilized rapidly in normal subjects and at a nearnormal rate in the presence of marked impairment of glucose tolerance. Characteristic differences in the response of serum inorganic phosphate and of intermediary compounds of carbohydrate metabolism are demonstrated.
METHODS
Subjects for study were selected from the wards of Walter Reed Army Hospital. The normal control group was composed of laboratory personnel and patients with miscellaneous nonmetabolic disorders. The hepatitis 1 This work has been previously presented in the form of an abstract (J. Clin. Invest., 1952, 31, 663). 2 Captain, M.C.
group consisted of patients in the early, icteric phase of acute infectious or homologous serum hepatitis. The cirrhosis group consisted of patients with portal or postnecrotic cirrhosis ranging in clinical severity from the asymptomatic to the precoma state. One patient with severe, secondary biliary cirrhosis was included in this group. Diagnosis was established in the patients with liver disease by standard clinical and laboratory methods, and was confirmed in all cases by needle biopsy of the liver or by autopsy. All of the control subjects and the patients with liver disease were males, except for the single case with biliary cirrhosis cited above.
The patients with diabetes ranged in age from 20 to 55 years and included a broad spectrum of clinical severity. The diagnosis was established by abnormality of the intravenous glucose tolerance test, the criteria of which are defined below. These patients showed no evidence of liver disease or other detectable cause for carbohydrate intolerance. Of 14 diabetic patients studied, three of whom were females, seven were considered to have moderately severe diabetes. The mean fasting blood sugar for this group was 177 mg. per cent, and the daily insulin requirement was up to 60 units. No patient received regular insulin within 24 hours or protamine insulin within 48 hours of the test. The remaining seven diabetic patients were controlled by diet alone. In most instances the mild and the more severe diabetics reacted similarly in these studies. Where differences between the two groups were observed, they are described.
The procedure for the standard intravenous glucose tolerance test was used (8) with the subjects at bed rest before and during the test. All subjects were on a carbohydrate intake exceeding 200 (10) , and fructose by the Seliwanoff reaction as adapted by Roe, Epstein, and Goldstein (11) . These determinations were done in duplicate with a maximal allowable variation between duplicates of 3 and 5 per cent, respectively. Blood fructose was corrected by subtracting a factor (0.018 mg. for each mg. glucose) which was determined for the Seliwanoff reaction of glucose. Glucose was calculated by subtracting the fructose value from the total reducing sugar. Serum inorganic phosphate was determined by the method of Fiske and Subbarow (12) with a maximal variation of 3 per cent between duplicates. Two-hour urine specimens were collected during the tests and were measured for glucose and fructose by the above methods. Since the two-hour urine volumes usually exceeded 300 ml., spontaneous voiding was judged to be sufficient for accurate collection.
Venous blood was drawn without stasis at 0, 30, 60, and 120 minutes for lactic, pyruvic, and alpha-ketoglutaric acid determinations. The samples were immediately deproteinized with tungstic acid. Blood lactic acid was determined in duplicate by the method of Barker and Summerson (13) with an allowable variation between duplicates of 8 per cent. Pyruvic and alpha-ketoglutaric acids were determined by a specific paper chromatographic separation of their respective dinitrophenylhydrazone derivatives (14) .
The disappearance rate of fructose from the blood following infusion is expressed as the time to half-value, or the period of half-life. This was calculated from the formulae:
where K = the specific reaction-rate constant, t = time in minutes, C = the concentration of blood fructose in mg. per 100 ml., subscripts 1 Table I . It will be noted that there were only minor differences in the mean blood fructose levels among these groups. When the curves of individual patients were plotted, it was found that the wide variations in the maximum blood levels obtained made comparison of the curves difficult.
It was found, however, that the rate of disappearance of fructose from the blood, at the levels observed in the present experiments, has the characteristics of a first order reaction. When the logarithm of the blood fructose concentration is plotted against time, a straight line relationship is obtained, as illustrated by two typical cases (Figure 1 ). The deviation of the 30-minute specimen. from the logarithmic curve represents a distribution gradient between blood and the tissues, since constant infusion experiments by the authors have demonstrated that tissue equilibrium is not reached until 45 minutes. These curves indicate that the rate of disappearance of fructose is directly proportional to the concentration.
As additional evidence that fructose disappearance is proportional to concentration, it was found that blood levels at equilibrium in a series of constant infusion experiments increased in approximately linear relationship to the rate of infusion ( Figure 2 ). Since urinary excretion was negligible (0.5 to 4.0 per cent), the experiment also demonstrates that the rate of utilization (amount infused minus amount excreted) is directly proportional to the blood level.
For purposes of comparison, therefore, a fructose tolerance test can be most conveniently expressed as the period of half-life of blood fructose, as a reflection of its rate of disappearance. This method of characterizing disappearance as a slope eliminates the difficulties of comparing varying absolute blood levels. The results of half-life determinations on 49 subjects are illustrated in Fig changed. The subject experienced no symptoms of hypoglycemia.
Serum inorganic phosphate: The mean changes in the serum levels of inorganic phosphate (expressed as phosphorus) in normals, in patients with parenchymal liver disease, and in diabetics are shown in Figure 5 . Since the results obtained for the hepatitis and cirrhosis groups were similar, they have been combined. Glucose produced a slow, persistent drop of phosphate in all groups, the fall being most marked in the group with liver disease. Fructose produced a more rapid fall of phosphate in all groups at 30 minutes, and a more rapid return toward normal. At all points between 45 and 120 minutes, the differences in the responses to glucose and fructose were highly significant (p < 0.01 to 0.001) in both the hepatic and diabetic groups. The phosphate fall after fructose at 30 minutes in the hepatic patients was not significantly different from those with diabetes (0.53 and 0.37 mg. per cent, respectively). The diabetics exhibited a more rapid return to normal, however, and the elevation of phosphate above fasting levels at 45, 60, and 75 minutes was significant.
The phosphate response to glucose infusion was compared in the mild diabetics and those patients with liver disease having a similar degree of glucose intolerance. The difference was most significant (p < 0.01) at The increase was greatest in the normal group and least for the cirrhotics. The mean fasting blood level of pyruvate in normals was 77 ,mol. per liter with a range of 60 to 122 pmol. per liter. There were no significant differences in the fasting levels among groups, although patients with cirrhosis and diabetes tended to have slightly higher values. Glucose produced a small pyruvate elevation in all groups, but least in the diabetics. Infusion of fructose was followed by pyruvate increases of 115 to 150 per cent in all groups. Although differences were not marked, the greatest elevations occurred in the diabetic and cirrhotic patients.
The constancy of the lactate/pyruvate ratio is of interest. In 224 determinations on 28 subjects varying widely in age and in disease state, and having a 600 per cent range in absolute blood levels, the mean ratio was 9.3 with a standard deviation of only 0.96. This degree of constancy is in agreement with the work of Stotz and Bessey (16) It was not possible to correlate either the fasting level or the degree of change of any of the intermediary compounds with glucose or fructose tolerance. It is of interest, however, that the maximum fall in phosphate did occur at the same time as the maximum rise in intermediates: 30 minutes when fructose was infused and 60 to 90 minutes when glucose was infused. There was also good correlation between fasting ketoglutarate levels and the degree of clinical, laboratory and histopathological evidence of liver dysfunction in the cirrhosis group and in patients with acute hepatitis (17) . This correlation was much less striking for lactate and pyruvate in the same patients.
Renal excretion: The mean quantities of fructose and glucose excreted in the urine by each group during the tolerance tests are presented in Table   II . When fructose was infused all groups excreted approximately the same amounts of fructose. Insignificant amounts of glucose were excreted during fructose tolerance tests except by the diabetics, who lost an average of 1.07 grams. This was less than the amount of fructose simultaneously excreted (1.43 grams).
When glucose was infused, approximately equal amounts were excreted by normals-and patients with hepatitis and cirrhosis. The diabetic group lost an average of 13.6 per cent of the infused glucose in the urine during the tolerance tests. This represented a loss of twice as much sugar as the total of the fructose and glucose excreted during a fructose tolerance test. Four exceptions to this occurred, all among the mild diabetics. Among the non-diabetic subjects, however, there was a greater urinary loss of fructose than glucose during their respective tolerance tests.
DISCUSSION
It is recognized that the intestinal absorption of fructose is slower than glucose (18, 19) and that differences in absorption rates among individuals with varying disease states may also exist. Intravenous tolerance tests, therefore, were employed to facilitate comparison of the rates of utilization. The brief period of half-life obtained when fructose was infused demonstrates that the disappearance rate of fructose (and presumably its utilization 4) was rapid. There was little variation in the half-life value among the normal subjects. The utilization of fructose was directly proportional to the blood concentration as indicated by the logarithmic disappearance curves during the tolerance tests and by the blood levels obtained at equilibrium during constant infusion experiments at increasing rates (Figures 1 and 2 ). This proportionality for fructose has been demonstrated at blood levels of 4 to 80 mg. per 100 ml. in these experiments. A linear relationship between glucose utilization and concentration at 200 to 600 mg. per 100 ml. has been demonstrated by Lundsgaard, Nielsen, and Orskov (22). Bouckaert and de Duve (23) confirmed this finding and have cited it as evidence that the initial reaction in glucose uptake by the tissues is "monomolecular."
It has been stated by Weichselbaum, Elman, and Lund (4) that fructose is assimilated more rapidly by normal persons than glucose. In our group of normals, glucose returned to the fasting level more rapidly than did fructose. Although the early removal from the blood was slower than for fructose, glucose utilization proceeded more rapidly after 30 minutes because of the advantage of higher blood levels. The smaller peak rise in blood fructose is compatible with the in vitro demonstration of the greater activity of liver fructokinase than hexokinase (24) . Using hepatic vein catheterization, it has been demonstrated that approximately 40 per cent of infused fructose was removed by the liver (splanchnic tissues) during a constant infusion (4, 25) .
A number of investigators have demonstrated the superior utilization of fructose in diabetes and the failure of insulin to affect the rate of fructose utilization (20, 26, 27) . The results of the present experiments confirm these observations. Six of 14 diabetics studied had normal fructose tolerance and the remainder had only small halflife increases. It should be emphasized that the impairment of fructose tolerance in these diabetics, though statistically significant when calculated as the period of half-life, was small when contrasted to the impairment of glucose tolerance. These patients did not lose a significantly greater amount of fructose in the urine than did the normal sub-*jects, and the total urinary sugar loss was less than that occurring when equivalent amounts of glucose were given. Although changes. in serum inorganic phosphate reflect only the sum of many reactions involving phosphorylation and dephosphorylation, they may be useful in following the rates of reaction of a single metabolite infused in large concentration. The data presented suggest a more rapid initial phosphorylation of fructose than glucose in all conditions studied. The more rapid return of phosphate to fasting levels also suggests the release of phosphate occurring with glycogen formation or oxidation. This would be compatible with the findings of more rapid initial disappearance of fructose and the more rapid elevations of the intermediary compounds. It is of interest that when fructose was administered the rates of fructose disappearance were grossly similar in all groups, as were the changes of phosphate and intermediary compounds.
The degree of depression of serum phosphate following intravenous administration of glucose has been advocated as an important aid in differentiating mild diabetes from the glucose intolerance of liver disease (30, 31) . In our cases the difference between the means of these groups at 30 minutes was highly significant. The The fo}lowing experiment was performed twice to test this hypothesis. Glucose was infused into a normal subject at a rate of 1 gm. per Kg. per hr. until constant blood levels were obtained (45-90 minutes). During this period of equilibrium, blood levels of lactate, pyruvate, and ketoglutarate showed little change from pre-infusion levels. The infusate was then changed to fructose at the same rate. During the period when fructose blood levels remained constant, the blood levels of these metabolites were markedly elevated above their control values (increases of over 100 per cent). It is assumed that when the blood levels of the sugars being infused are constant, the rate of infusion minus the rate of excretion equals the rate of utilization. Since the excretions of both glucose and fructose in this experiment were negligible (< 5 per cent of that infused), it may be stated that the utilization rates of the two sugars were roughly equal. It would seem, therefore, that the differences in the levels of the intermediaries during glucose and fructose infusion could not be due to differences in rates of utilization.
A possible explanation of these differences is that there is some qualitative difference in the metabolic pathway of glucose and fructose. One example would be that glucose is oxidized all or in part by an aerobic pathway dissimilar to the classical Embden-Meyerhof scheme. Several investigators (33) (34) (35) (36) (37) (38) have demonstrated this pathway: glucose to 6-phosphogluconate to pentosephosphate and, presumably, to two-and threecarbon particles. Dickens and Glock (39) have demonstrated these reactions and their associated enzymes in animal tissues. Fructose, however, is presumed to enter the Embden-Meyerhof scheme and progress through the diphosphate to two threecarbon particles. Therefore, twice as many moles of pyruvate (plus lactate) should be formed from fructose. The formation of triosephosphates prior to pyruvate would require, by theory, twice as many phosphorylations as would the oxidation products of glucose by the aerobic scheme. This might account for Meyerhof's findings that the addition of adenosine triphosphate enabled brain homogenates to utilize fructose as rapidly as glucose (40) .
Positive evidence of an aerobic pathway for glucose is not available in intact mammals. Such a qualitative difference in the metabolic scheme, however, might best explain the data presented by this clinical study. Further information is necessary to establish the actual existence of different metabolic schemes in man and to evaluate their quantitative importance. SUM MARY 1. Infused fructose disappears from the blood rapidly and in a manner characteristic of a first order reaction. Utilization is proportional to concentration. When calculated as the period of half-life, the rate of disappearance is slightly decreased in hepatic disease and diabetes mellitus. There is no correlation between the rate of fructose disappearance and the degree of glucose intolerance.
2. The serum inorganic phosphate following fructose infusion falls more rapidly than when glucose is infused, and returns much earlier toward the fasting level. With glucose infusion the fall of serum inorganic phosphate is significantly greater in hepatic disease then in diabetes, but the individual variations limit the diagnostic significance of this difference.
3. The rise in blood lactate, pyruvate and ketoglutarate is much greater and more rapid with fructose than with glucose, and is of similar degree in normals, diabetics, and patients with liver disease. The rise of blood ketoglutarate is less marked than that of lactate and pyruvate. 4. The fasting blood level of ketoglutarate is significantly elevated in patients with parenchymal liver disease.
5. More fructose than glucose was excreted in the urine during respective infusions (at 0.5 gm. per Kg. in 30 min.) by all subjects except the diabetic patients. 6 . The observed differences in rates of disappearance from the blood and the responses of serum inorganic phosphate and the intermediary compounds suggest a qualitative difference in the metabolic pathways of fructose and glucose.
